mutants that fail to initiate meiotic recombination, there is no synaptonemal complex formation (reviewed in [10]). Second, the formation of axial associations (to which the Zip2/Zip3 complex localizes) requires two DNA strand-exchange proteins, Dmc1 and Rad51 [12] . Finally, two-hybrid protein analysis, as well as colocalization and coimmunoprecipitation data, indicate that Zip3 interacts with several recombination proteins, including Mre11, Rad51, Rad57, Msh4, and Msh5 [13] [14] [15] .
Here, we describe novel genetic and cytological phenotypes for meiotic cells of the budding yeast sgs1 mutant. We find that chromosomes undergo full synapsis in the absence of Sgs1, and synapsis occurs faster than in wild-type. In a zip1 background, the sgs1 mutation dramatically increases the number of axial associations. Furthermore, tetrad analysis indicates that crossing over is also increased in the absence of Sgs1. Analysis of a particular sgs1 non-null allele demonstrates that these meiotic phenotypes are separable from the majority of sgs1 phenotypes observed in vegetative cells, arguing that Sgs1 performs a specialized function in meiosis. We propose that the wild-type Sgs1 protein serves as a negative regulator of meiotic interchromosomal interactions and is an important factor in limiting the number of recombination intermediates that give rise to crossovers. synapsis, spread chromosomes from different time points were stained for Zip1. Surprisingly, nuclei with fully synapsed chromosomes were detected earlier in the mutant were assessed by staining with anti-Zip2 antibodies. than in wild-type, demonstrating that synapsis is comThe number of Zip3 foci in sgs1-⌬ nuclei is increased pleted sooner in the absence of Sgs1 ( Figure 1D) . approximately 1.5-fold compared to wild-type (71 Ϯ 9 A previous study showed that premeiotic DNA synthein wild-type versus 105 Ϯ 18 in sgs1-⌬) (Figures 1E and sis and double-strand break formation occur on time in 1F). Similarly, the abundance of Zip2 foci is increased the sgs1-⌬ mutant [16] . We found that Zip1 foci begin 1.4-fold (48 Ϯ 6 in wild-type versus 68 Ϯ 7 in sgs1-⌬). to localize to chromosomes at the same time in the (Different numbers of Zip3 and Zip2 foci may reflect mutant as they do in wild-type ( Figure 1C ), indicating differences in the antibodies used and consequent difthat the timing of synapsis initiation is also unaffected.
Results
ferences in the efficiency of detection.) The increased Time-course analysis indicates that nuclei with fully number of synapsis initiation complexes presumably synapsed chromosomes persist longer in the mutant accounts for the increased rate of synaptonemal comthan in wild-type ( Figure 1D ). The failure to exit the paplex formation in the sgs1-⌬ mutant. chytene stage of meiotic prophase in a timely manner probably explains the sgs1-⌬ defect in spore formation
The sgs1-⌬ Mutant Displays an Elevated ([5, 6]; see below).
Level of Crossing Over
As noted in the Introduction, a number of observations suggest that synapsis initiates at the sites of genetic Chromosomes in sgs1-⌬ Exhibit an Increased Number of Synapsis Initiation Complexes recombination events. The increased number of synapsis initiation complexes in sgs1-⌬ therefore raised the To examine the effect of sgs1-⌬ on synapsis initiation, a Zip3 protein tagged with green fluorescent protein possibility that the sgs1-⌬ mutation also increases meiotic recombination. This possibility was investigated by (GFP) was immunolocalized on surface-spread chromosomes with antibodies to GFP. In addition, Zip2 foci measuring crossing over in two intervals on chromo- some III by tetrad analysis. In both intervals, crossing strains will therefore be referred to as pseudosynapsis. The simplest explanation for pseudosynapsis is that over in the sgs1 null mutant is increased approximately 1.4-fold compared to wild-type (Table 1) .
there is an increase in the number of axial associations It is possible that the additional crossovers observed in the sgs1 mutant are not initiated by normal meiotic double-strand breaks. For example, they might be triggered by lesions resulting from the failure of Sgs1 function during premeiotic S phase. To address this possibility, crossing over was measured in mer2 spo13 diploids. The mer2 mutation completely eliminates meiotic double-strand breaks, while the spo13 mutation causes cells to bypass the meiosis I reductional division and thereby alleviates the requirement for recombination for meiotic chromosome segregation [17] . Among random spores derived from a mer2 sgs1-⌬ spo13 diploid, the map distance in the HIS4-MAT interval was less than 0.1 cM. To account for the observed increase in crossing over in MER2 sgs1-⌬ SPO13 diploids, this number would need to be about one hundred fold greater. Thus, we conclude that the excess crossovers detected in sgs1 strains are indeed initiated by normal meiotic doublestrand breaks.
Chromosomes in sgs1 Undergo Pseudosynapsis
The increased number of synapsis initiation complexes observed in sgs1-⌬ predicts a corresponding increase in the number of axial associations. The effect of sgs1-⌬ on the formation of axial associations was explored by staining spread chromosomes from an sgs1-⌬ zip1 double mutant with antibodies to the Red1 protein, which is a component of the cores of meiotic chromosomes [18] . In the zip1 single mutant, individual chromosomes cores joined by axial associations are clearly defined ( Figures 2B and 2G) . Surprisingly, most chromosomes in zip1 sgs1 nuclei appear to be fully synapsed ( Figures  2C and 2H 
Functions Important for Meiosis
In principle, the meiotic phenotypes of the sgs1 null mutant might have the same molecular basis as the phenotypes observed in vegetative cells. Alternatively, between homologous chromosome cores. Although the Sgs1 protein might perform functions that are unique axial associations cannot be accurately quantitated, the (or of particular importance) to meiotic cells. Previous close apposition of chromosomes cores in sgs1-⌬ zip1 studies of non-null alleles of SGS1 suggested that the suggests that the fold increase in axial associations is latter might be the case [16, 19] . greater than the observed 1.5-fold increase in synapsis
We found a striking separation of mitotic and meiotic initiation complexes. Thus, the wild-type Sgs1 protein functions in the case of the sgs1-⌬C795 allele, which must either prevent the formation of axial associations removes the carboxy-terminal 795 amino acids [20] . The or promote their disassembly once formed.
sgs1-⌬C795 mutant is wild-type with respect to growth rate in a top1 strain background and nearly wild-type The Sgs1 Protein Localizes to Synapsis with regard to mitotic recombination rate [20] . We charInitiation Complexes acterized the sgs1-⌬C795 allele in our strain backTo determine the subcellular location of the Sgs1 protein ground; consistent with the results of Mullen et al. [20] , during meiosis, a diploid producing Sgs1 protein tagged we found that sgs1-⌬C795 is intermediate between wildwith the myc epitope (Sgs1-myc) was constructed. The type and the null mutant with respect to sensitivity to SGS1-myc allele fully complements the sgs1 growth demethylmethane sulfonate and suppression of the top3 fect (data not shown) and the reduction in spore viability growth defect (data not shown). In addition, we found (Table 2 ). Staining spread chromosomes from an SGS1-that the sgs1-⌬C795 mutant grows as well as wild-type myc diploid with anti-myc antibodies demonstrates that and displays a level of hydroxyurea sensitivity intermediSgs1 localizes to discrete foci on synapsed regions of ate between wild-type and sgs1-⌬ (data not shown; [19] ). meiotic chromosomes (Figures 3A-3F ). These foci are
In contrast to its effects in vegetative cells, the sgs1-⌬C795 mutant behaves like the null mutant for several meiotic phenotypes. The mutant undergoes chromosome synapsis faster than wild-type and displays pseudosynapsis in a zip1 background ( Figures 1D, 2E , and 2J). Crossing over in the sgs1-⌬C795 mutant is increased to the same extent as in the null mutant (Table  1 ). This information implies that these meiotic phenotypes result from a molecular defect distinct from the defect(s) responsible for most of the phenotypes observed in vegetative cells.
The sgs1 Null Mutation Triggers Checkpoint-Induced
Arrest at Pachytene A number of meiotic mutants have been shown to arrest at pachytene due to the action of a checkpoint, called the pachytene checkpoint, that responds to unrepaired double-strand breaks [21] . Although the sgs1 null mutant also arrests at the pachytene stage, a number of observations indicate that the checkpoint operating in sgs1-⌬ different from those of mutants defective in meiotic rein mer2 spo13 strains. Any sgs1-induced reduction in combination [21] . In both cases, arrest requires the spore viability observed in a mer2 spo13 background Ddc1, Mec3, and Rad24 proteins ( Figures 4B and 4D , should be independent of meiotic recombination and and data not shown). However, unlike recombination related processes, such as chromosome synapsis. The mutants, arrest in sgs1-⌬ does not require the meiosissgs1-⌬ mutation substantially reduces spore viability in specific gene products, Pch2, Red1, and Mek1 (data mer2 spo13, whereas sgs1-⌬C795 has no effect (Table  not shown) .
2). The fact that sgs1-⌬C795 reduces spore viability only Although the sgs1-⌬C795 mutant is indistinguishable in cells proficient in meiotic recombination argues that from the null mutant with respect to the synapsis and sgs1-⌬C795-induced spore death (in MER2 SPO13 crossover phenotypes, it is very different with regard to strains) results from a defect in a specialized meiotic sporulation. sgs1-⌬C795 strains sporulate with the same function of the Sgs1 protein. kinetics and efficiency as wild-type, whereas sporulation is delayed and inefficient in the null mutant ( Figure  4E ). Since sgs1-⌬C795 is wild-type (or nearly so) with
The sgs1-⌬C795 Mutation Specifically respect to several vegetative phenotypes, this result Increases Reciprocal Recombination suggests that the sporulation defect of the sgs1 null The data in Table 1 indicate that the sgs1-⌬ and sgs1-mutant is mechanistically related to the defects ob-⌬C795 mutations increase the frequency of crossing served in vegetative cells. For instance, the null mutant over. In principle, an sgs1 defect might increase the rate (but not sgs1-⌬C795) may accumulate stalled replication of meiotic recombination in general, or it could specififorks, and these may trigger a checkpoint that prevents cally increase those recombination events that lead to meiotic progression. crossing over. To distinguish these possibilities, gene conversion events were measured at the HIS4 and ARG4 loci by selecting for prototrophic (His ϩ or Arg ϩ ) recombiDual Origin for Spore Lethality nants among physically isolated mature spores. No sigin the sgs1 Null Mutant nificant difference was detected between wild-type and The sgs1-⌬C795 mutant also differs from the null mutant the sgs1-⌬C795 mutant (Table 3) . Thus, the Sgs1 protein with respect to spore viability (Table 2) . Spore viability does not appear to have a role in the initiation of meiotic in sgs1-⌬C795 is significantly improved compared to recombination events. An sgs1 mutation specifically insgs1-⌬, though not fully wild-type. These results suggest creases the fraction of double-strand break repair that the spore death observed in the null mutant is due events that are accompanied by crossing over, indicatin part to defects common to both vegetative and meiing that the wild-type Sgs1 protein serves as a negative otic cells (thus accounting for the difference between regulator of crossing over.
sgs1-⌬ and sgs1-⌬C795) and partly to defects in Sgs1
The sgs1-⌬C795 mutation increases crossing over, functions of special importance in meiosis (thus acbut not gene conversion, leading to the prediction that counting for the difference between sgs1-⌬C795 and sgs1-⌬C795 increases the fraction of gene conversion wild-type). The alternative possibility is that spore inviaevents that are accompanied by crossing over. To test bility in the null mutant is due exclusively to defects this prediction, Arg ϩ gene convertants were tested for shared by vegetative and meiotic cells, and the residual crossing over between flanking markers. As expected, spore inviability observed in sgs1-⌬C795 strains is due the percentage of arginine prototrophic recombinants to the leakiness of this mutation (i.e., the mutant is not associated with crossing over was increased (Table 3 ) fully wild-type with respect to its phenotypes in vegetato approximately the same extent that crossovers were tive cells).
increased in the intervals examined by tetrad analysis In an attempt to distinguish these possibilities, we examined the effect of sgs1 mutations on spore viability (Table 1) . , it does not display pseudosynapsis (B.R. and sis sooner in sgs1 than in wild-type. In zip1 strains lacking Sgs1, there is an increase in the number of axial G.S.R., unpublished data).
Our conclusions are at odds with those of Enomoto associations connecting the cores of homologous chromosomes. sgs1 strains also display increases in the and colleagues [16, 19] , who studied an sgs1 allele, sgs1-hd, carrying a point mutation in the catalytic site number of synapsis initiation complexes and the number of meiotic crossover events. These observations argue of the helicase domain. They found that the sgs1-hd mutant is proficient in sporulation and thus concluded that the Sgs1 protein serves as a negative regulator of meiosis-specific interactions between homologous that Sgs1 helicase activity is not required in meiosis. However, our comparison of the sgs1-⌬ and sgs1-⌬C795 chromosomes.
Our results differ from those of Watt et al.
[6], who mutants indicates that sporulation efficiency measures Sgs1 functions common to both vegetative and meiotic measured meiotic crossing over in sgs1 strains and found no significant difference between wild-type and cells; it does not reflect aspects of Sgs1 function of specific importance in meiosis. Furthermore, analysis of mutant. The difference between their results and ours is likely due to the greater number of tetrads examined sgs1-hd is complicated by the fact that a catalytically inactive helicase domain appears to inhibit the activity of in our study, in conjunction with the relatively modest effect of the sgs1 mutation. Furthermore, Watt et al.
the amino terminus [20] . Thus, the sgs1-⌬C795 mutant, which lacks this inhibitory activity [20] , provides a more measured crossing over in intervals defined at one end by a centromere; double crossovers (i.e., NPD tetrads) accurate assessment of the role of helicase activity. As predicted, based on the behavior of sgs1-⌬C795, we cannot be detected in such intervals, leading to less accurate measurements of map distance. It is also poshave observed pseudosynapsis in the sgs1-hd mutant (data not shown). sible that strain differences play a role.
Using a separation-of-function allele, sgs1-⌬C795, We have proposed that the Sgs1 helicase is specifically important in meiosis. However, it is possible that that is largely wild-type for the vegetative functions of Sgs1 [20] , we have determined which meiotic phenothe helicase functions more generally in double-strand break repair. Double-strand breaks are not a common types are due to defects in Sgs1 functions specifically important in meiosis and which are due to defects comspontaneous lesion during vegetative growth, and methylmethane sulfonate does not induce double-strand mon to both vegetative and meiotic cells. Our results indicate that meiotic functions of the Sgs1 protein are breaks directly. Thus, an sgs1 mutation affecting the helicase domain might have a relatively modest phenoinvolved in chromosome synapsis, formation of axial associations, assembly of synapsis initiation comtype in vegetative cells unless double-strand break repair is examined directly. The meiotic phenotypes of plexes, and meiotic crossing over. In contrast, Sgs1 functions shared by both vegetative and meiotic cells sgs1-⌬C795 that we have detected cytologically could be the indirect result of an alteration in double-strand contribute to the kinetics and efficiency of spore formation and, to a large extent, spore viability. break processing, as discussed further below. [30] . Our data also demonstrate that the sgs1 mutation increases the number of axial associations. Although there is a fairly good correspondence between the number of axial associations and the number of synapsis initiation complexes in zip1, this does not appear to be the case in sgs1-⌬ zip1 or sgs1-⌬C795 zip1 strains. In both sgs1 strains, the cores of homologous chromosomes are so closely apposed (as visualized by Red1 staining) that they appear to be fully synapsed. It is unlikely that a mere 1.5-fold increase in the number of axial associations would result in a cytological phenotype so strikingly different from that of the zip1 single mutant.
Loss of Sgs1 Increases
Assuming that the number of axial associations greatly exceeds the number of synapsis initiation complexes (and crossovers) in zip1 sgs1 strains, how can Determining which recombination intermediates will generate crossovers and which will produce noncrossovers must be a highly regulated process (for review, that are not yet committed to either fate, to influence the crossover versus noncrossover decision ( Figure 5A ). see [10]). Chromosomes that fail to sustain at least one crossover have a high probability of nondisjunction at Specifically, Sgs1 favors the production of noncrossovers at the expense of crossovers. Perhaps the decithe first meiotic division. Too many crossovers or crossovers that are too closely spaced, may result in chromosion involves the action of the Sgs1 helicase on a strand exchange intermediate. some entanglements that interfere with chromosome separation. Crossovers too close to the centromere or When considering our cytological observations, it is important to note that axial associations cannot be visutoo far from the centromere, are associated with an increased frequency of meiotic missegregation [31] . alized in wild-type; they can only be seen in mutants (such as zip1 and zip2) that fail to assemble the central Thus, decisions as to which meiotic recombination events will generate crossovers and which will not deterregion of the synaptonemal complex. Even in these mutants, axial associations cannot be detected until chromine the chromosome complement and, thus, the viability of the resulting gametes. mosomes are condensed and chromosomes cores are sufficiently developed that the contours of individual It is not yet clear at which step in double-strand break processing the decision is made as to whether a crosschromosomes can be traced. These changes in chromosome morphology are not complete until the pachytene over or noncrossover recombinant will be produced, though there has been much speculation [28, 32] . We stage in wild-type, or the mutant version thereof. Our cytological observations can be explained if we suppose propose that Sgs1 acts on recombination intermediates that uncommitted recombination intermediates are undouble-strand breaks, the normal initiators of meiotic recombination. Sgs1 affects the processing of these usually long lived in sgs1, and these intermediates (like those committed to crossing over) can give rise to axial breaks such that a subset of recombination intermediates is prevented from generating crossover products. associations.
We suppose that axial associations (or, more specifiOur results demonstrate that the wild-type Sgs1 protein serves as a negative regulator of meiosis-specific cally, precursors thereof) develop early in meiotic prophase (leptotene and/or zygotene). In wild-type, the interactions between homologous chromosomes. The behavior of a non-null allele, sgs1-⌬C795, indicates that Sgs1 protein causes a subset of these connections to dissociate early (prior to pachytene) as they undergo the helicase activity of Sgs1 is a critical component of this regulatory function. the commitment to become noncrossovers ( Figure 5B) ; these interactions are therefore not detected as axial associations. In sgs1, the number of axial association be undone early persist until pachytene and thus can be visualized as axial associations ( Figure 5C ).
